Abstract. The Numisheet 2005 Benchmark #3 consisted of forming four different sheet materials in a two-stage process. The first stage consisted of forming channel sections in a channel draw die with variable penetration drawbeads. Material that flowed through the drawbeads into the channel sidewalls was actually prestrained by cyclic bending and unbending. The prestrained channel sidewall pieces were subsequently formed in a second stage which is described in another paper. This paper provides a description of the channel draw die tests, the testing and measurement procedures and also the experimental data that was recorded.
INTRODUCTION
The Numisheet 2005 Experimental Benchmark trials were conducted in two stages. Different sheet materials were formed in a channel draw die at the Industrial Research and Development Institute (IRDI) in Canada. The draw die was constructed in such a way that the material in the channel sidewalls was formed over a drawbead and a die entry radius, thus workhardening it by cyclic bending. The second stage consisted of taking the prestrained channel sidewalls and forming them over a 100 mm diameter flat bottom punch. These tests were carried out at the National Institute of Standards and Technology (NIST) and are described in another paper. This paper presents the experimental work that was carried out to form the sheet materials in the first forming stage. This includes a summary of the mechanical properties of the different sheet materials and a description of the channel draw die with its adjustable drawbead tooling. The experimental testing procedures are reviewed in detail and the punch force data are presented for each material. For each sheet material, channel pieces were formed in a draw die with up to four different drawbead configurations, and therefore different levels of prestrain.
The principal strains in the channel sidewalls and the sidewall curl were also measured and the measurement procedures are described in detail. Finally, the results are provided for one of the prestrain conditions (75% bead penetration) for each material.
EXPERIMENTAL WORK
The Numisheet 2005 channel draw die benchmark tests were conducted with four different sheet materials that are designated as follows:
• AKDQ-HDG, 1.0mm
• HSLA-HDG, 0.8mm
• DP600-HDG, 1.0mm
• AA6022-T43, 1.0mm
Material Characterization
The mechanical properties of the four sheet materials were determined by Alcoa and US Steel, who graciously supplied these materials and are summarized in Table 1 .
Channel Draw Die Tests

Description Of The Channel Draw Die
The Numisheet 2005 benchmark sheet materials were prestrained by being formed through the drawbeads in a channel draw die. The channel draw die ( Fig. 1 ) was designed and built for the Auto/Steel Partnership.
The A/SP channel draw die was used to prestrain sheet samples by forming each blank into an openended channel section (Fig. 2) . The channel draw die was installed in IRDI's 300 ton hydraulic press (Fig. 3) for the experimental phase of this project.
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FIGURE 3: IRDI's 300 ton hydraulic press
As channels were formed, the floating binder maintained a constant pressure against the upper die by the means of pressure pins that are connected to a pressure cushion underneath the bolster. Four "kiss blocks" mounted on the binder guaranteed a constant clearance (material thickness plus ~0.4 mm) between the binder and the upper die. Material on either side of the central punch flowed through a drawbead located near the punch opening line and over the die entry radius (inserts B & C in Fig. 1 ).
Thus the channel sidewalls were prestrained by a series of bend-unbend cycles as the sheet passed through the inboard bead and over the die entry radius. The width of the blanks (254 mm) was such that the mode of deformation in the channel sidewalls was one of plane strain.
Drawbead Inserts
By using variable penetration drawbead inserts a range of prestrain conditions were achieved for each sheet material. The adjustable penetration drawbead inserts were designed and manufactured at IRDI and Fig. 4 and 5 represent the male drawbead inserts. The penetration of the drawbeads was adjusted by placing the appropriate shims between the male bead and the cap on the back of each insert. The penetration could thus be varied from a minimum of approximately 20% up to 100% or more (see definition of penetration in the Appendix).
These male inserts were machined from D2 Steel (50-55 HRC), surface-ground to the final geometry with a medium grade grinding wheel and polished. The working surfaces of the male beads were then ionnitrided to a hardness of at least 60 HRC (case depth > 0.15 mm) and finally polished. It should be noted that the die entry radius on the inboard inserts was not ionnitrided).
The female drawbead inserts used in these trials were machined from cast-cut steel by Ronart Industries, and hand polished. The hardness of the working surfaces of the female inserts was in the range 85-95 HRB.
The combination of these male and female inserts led to the following drawbead configuration:
• The drawbeads were round with a 4.0 mm profile radii • The horizontal clearance on each side of the male insert was 1.4 mm (see Fig. 6 ) • The vertical clearance between the binder and the upper die was equivalent to the sheet material thickness plus the kiss gap. The kiss gap varied for each set-up and is provided in the section on experimental results.
• The die entry radius was 12.0 mm 
Channel Draw Procedures
Sample Preparation
Prior to forming channel sections in the draw die, blanks were prepared according to the following procedure:
• The blanks were sheared in such as way that the blank length corresponded with the coil width. Therefore the prestrain was applied in the TRANSVERSE direction (TD) of the coil. The blank size was 254 mm (10 inches) wide and approximately 1000 mm (40 inches long).
• Blanks were marked with a 0.1 inch diameter circle grid using the following procedure: 1. Blank surface was degreased using Varsol and dried with a squeegee 2. Blank surface was cleaned with allpurpose-cleaner and dried with a squeegee 3. Blank was covered with electrolyte (Lectroetch A112 for the galvanized sheets and LNC3 for the aluminum sheets) 4. A stencil (with a 2.54 mm diameter circle grid) was placed on the blank and any trapped air was removed 5. A wick soaked in electrolyte was placed over the stencil 6. The variable transformer on the ACPower unit was set to 60-70% of the maximum voltage (100% equals 24 Volts). This achieved a clear etch without reducing stencil life unduly. 7. A roller was moved back & forth across the wick (with sufficient force to push electrolyte out of the wick) for 30-45 seconds to etch the grid onto the blank 8. Blank was cleaned with a neutralizer 9. Lubricant (61-AUS) was applied to both sides of the blank with a paint roller to prevent oxidation.
• Etched blanks were stored grid side up and covered with paper for protection against dirt and particles. Approximately 40 gridded blanks were required for each prestrain condition.
For each prestrain condition, 40 gridded channel sections were formed according to the following procedures:
• The press control was set to the following prescribed specifications: 1. Cushion Pressure (four 140 mm diameter cylinders): 10.3 MPa 2. Ram pressure (one 430 mm diameter cylinder: 4.8 MPa 3. Pressing Stroke Length: 250 mm • The drawbead inserts were installed in the die for the desired prestrain condition.
• The kiss blocks were mounted at the four corners of the binder (Fig. 7) in order to guarantee a constant clearance between the binder and the upper die (i.e. material thickness plus ~0.4 mm). Pieces of solder were placed at each corner of the binder and over the drawbead inserts to check the kiss gap prior to forming channels.
NOTE: Great care was taken during die set-up to ensure that the channels would be prestrained by equal amounts in both left and right sidewalls. However, even though the drawbeads on both sides have the identical geometry, the forming conditions are never perfectly the same. For this reason the principal strains 8 mm 10.8 mm 1.4 mm in the sidewall may be slightly different from one side of the channel to the other.
• The formed channel sections were stored on their edge to avoid modifying the shape of the channels after springback.
• The formed channel sections were marked with a pencil-scribe to identify the prestrain condition and the right & left hand sides.
• After the 40 channels were formed, the bead height was measured at 4 points along the length of each male bead (Fig. 8) . The average of the 4 bead height measurements was recorded in the database. The working surfaces of the drawbead inserts were polished prior to each prestrain condition. In some cases, when material build-up occurred on the beads or die entry radius for a given prestrain condition, the inserts were cleaned and polished to minimize scoring of subsequent channel pieces. Polishing of the drawbeads was done by hand with 600 grit SiC paper in the longitudinal direction of the bead as shown in Fig. 9 .
FIGURE 9:
Polishing the die entry radius
Forces Recorded During Press Trials
Four load cells were mounted beneath the fixed punch under the lower die in order to record the punch force during each test. The ram displacement, ram pressure and the cushion pressure in the floating binder were also recorded in real time. These data were recorded for each material, each drawbead penetration and for each channel that was formed.
A graph of the punch force vs. time is shown in Fig. 10 . This graph shows an initial and a residual punch force of approximately 9 kN. This is the force caused by the weight of the lower die as it rests on the four load cells when the press is empty. This 9 kN force must be subtracted from the experimental data in order to determine the actual punch force when forming the channel sections.
It can also be seen from Fig. 11 that the data recorded for 4 different channels sections (# 10, #20, #30 and #40) in the same series of tests are very repeatable.
Principal Strains Measured In Channel Sidewalls
After forming plane strain channel sections with four different materials and with different drawbead penetrations, principal strain measurements were carried out in the channel sidewalls. This section describes the procedures that were followed to measure the sidewall strains.
For each prestrain condition, 3 or 5 gridded channel sections were selected for strain measurements from the set of 40 that were formed. The major and minor strains were measured in the central part of the RHS channel sidewall (area A in Fig. 12 ). The thickness strain was measured in several locations uniformly distributed across areas A, B and C of the channel sidewalls (see Fig. 12 ) using an ultrasonic thickness gauge. The strains measured for each material can be found in the Tables 2, 3 
Laser Scanning Of Channel Sidewall Profiles
In order to measure the curvature in the channel sidewalls (i.e. after springback), 3 or 5 channel sections for each prestrain condition were scanned using IRDI's Virtek LaserQC™ 2D laser scanner (see Fig. 13 ).
Scanning procedure:
Each channel section was placed on its edge on the glass surface of the LaserQC™ very slowly in order to avoid applying any constraints to the channel and thereby distorting its natural shape. The glass surface was also sufficiently slippery that the part would find its natural equilibrium.
Channel sections were positioned in such a way that the laser could scan the edge of the RHS sidewall in contact with the glass without being obstructed. The scanning accuracy of the LaserQC™ is up to 0.05 mm.
Each scanning operation would take a few seconds and a file containing X and Y coordinates of points along the edge was generated. These experimental X, Y coordinates were stored in a ~.scn file. This file format is peculiar to Virtek but these data can be read into a MS-Excel spreadsheet. The post-processing software of the LaserQC™ enabled an operator to determine the radius of curvature for any section of the scanned profile. Thus, the arc segment that gave the best overall fit to the profile of the RHS sidewall was determined. The "Reverse CAD tolerance" (the maximum distance between any data point and the fitted arc segment) was set between 0.051 mm and 0.127 mm.
The angle of the tangent to the sidewall relative to an ideally vertical sidewall (Fig. 14) is also determined with the Virtek software. The experimental sidewall curl data for the channel sections formed with a 75% bead penetration is provided in the table below. 
OBSERVATIONS
One of the objectives of this project was to carry out channel draw die tests on four different sheet materials and under various modes of prestrain, and still leave sufficient formability for a secondary forming operation. The channel draw tests were carried out at four different levels of drawbead penetration for each material for a total of 16 prestrain conditions. The only condition that led to severe metal pick-up on the drawbead inserts and scoring of the channel pieces was with the DP600-HDG at 100% penetration. The penetration was decreased to approximately 80%, but the pick-up and scoring persisted. It was found that the female castcut drawbead inserts had not been hardened (only 85-95 HRB) and therefore the severe forming condition led to pick-up of the Zinc coating on the female inserts. The male beads had been hardened to 60-62 HRC and did not indicate any sign of pick-up.
The strain measurements were very consistent from part to part for a given prestrain condition. The maximum range of strains (for 3 repeat parts) was
Radius
Sidewall angle only 0.6% strain: this was in the case of the DP600-HDG at 75% penetration which exhibited significant scoring and understandably would lead to greater variability.
A summary of the experimental data for all drawbead penetrations is given in another paper.
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GLOSSARY AKDQ-HDG
Aluminum Killed Drawing Quality steel with a Hot-Dip Galvanized coating
Clearance
The binder clearance is the distance measured vertically between the binder surface and the upper die surface when the upper die is in contact with the kiss blocks.
The drawbead clearance is the distance between the male bead and the corresponding female insert measured horizontally on one side of the male bead and in the absence of any sheet material
DP600-HDG
Dual Phase (Ferrite + Martensite) with a minimum tensile strength of 600 MPa and a Hot Dip Galvanized coating
Height
The height of a male bead is the vertical distance that the bead protrudes from the surface of the upper insert that is flush with the upper die face.
HSLA-HDG
High Strength Low Alloy steel with a Hot Dip Galvanized coating
Kiss gap
Vertical distance between the binder and the upper die minus the thickness of the sheet material. "Kiss" blocks that are located at each corner of the floating binder maintain the kiss gap.
K-value
The strength parameter defined by fitting the true stress-strain curve to a power law function such that n Kε σ =
Penetration
The penetration is calculated from the measured height as:
Penetration (mm) = Height -Kiss gap
The percentage penetration of a drawbead was defined in the following way:
0% penetration: when the male bead is in contact with the sheet material but the sheet is not subject to any bending ( Fig. 15): 100% penetration: when the centre of curvature for the radii of both male and female beads lie on the same horizontal line (see blue arrows in Fig. 16 ).
n-value
Strain-hardening exponent defined as ε σ Ln
Ln d d
where σ and ε are the true stress and strain respectively
RD
Rolling direction of a coil
R-value
Lankford coefficient is a parameter that characterizes the normal anisotropy of a sheet material. R-value is defined as the width to thickness plastic strain ratio during a tensile test. An average r-vale is defined as: 
Total elongation
The engineering strain at which fracture takes place
Uniform elongation
The engineering strain at which the engineering stress is maximum and beyond which localization occurs Yield point elongation The engineering strain before which yielding is characterized by the propagation of Lüders bands and after which workhardening begins
Yield stress
The engineering stress measured at 0.2 % plastic offset beyond which the material is considered to have been permanently deformed 
